INTRODUCTION
============

The sequence logo, introduced initially by Schneider and Stephens ([@b1]), has become a popular method for the visual representation of DNA and amino acid sequence patterns. Traditionally, sequence logos are constructed from a set of aligned sequences and graphed as columns of stacked symbols. The height of each column corresponds to the information content (IC) ([@b2]) of the corresponding position in the alignment, and the size of the individual symbols within each column reflects the frequency of the corresponding nucleotide at this position. Typically, the IC is calculated from the frequencies of the nucleotides (or amino acids) in each position. Logos have been extensively used for the representation of transcription factor binding site (TFBS) preferences. Typically, a collection of known binding sites of a particular transcription factor (TF) is used to estimate the position-specific probabilities of the 4 nt as frequencies in the alignment. However, it is also possible to directly determine the interaction energies between a TF and its binding site ([@b3]--[@b5]). Currently, there is one web resource that can generate a PostScript or PNG logos from a set of aligned sequences (Weblogo, <http://weblogo.berkeley.edu/>), but not from other types of data.

In this paper, we describe enoLOGOS, a tool developed primarily for converting energy or log-probability DNA weight matrices to normalized sequence logos ([e]{.ul}nergy [no]{.ul}rmalized [logos]{.ul}). In addition, enoLOGOS can utilize a wide variety of input formats to generate sequence logos, including sequence alignments (in plain or FASTA format), frequency or alignment matrices (as generated by most motif-finding programs) and TRANSFAC matrices. We also describe the C2H2-enoLOGOS web version of this program that has been previously used to graphically represent predicted DNA-binding preferences of zinc-finger proteins ([@b6]). C2H2-enoLOGOS can generate sequence logos from predicted energies of Cys~2~His~2~ zinc-finger DNA-binding proteins selected from the Pfam protein family ([@b7]) or from a user-defined alignment of 'contacting' amino acid residues for this DNA-binding domain ([@b6]). Finally, when provided a DNA (or RNA) alignment, enoLOGOS can display the mutual information among all pairs of alignment positions implicating correlation between positions in a binding site or secondary structure in the case of RNA alignments ([@b8]).

METHODS
=======

Following the notation of Benos *et al*. ([@b6]), given a matrix of binding energy contributions for each base at each position of a TFBS, we can obtain the probability of observing any sequence (*D~i~*) bound to the corresponding TF using a derivative of the Boltzmann distribution: $$P\left( D_{i}\left| M \right. \right) = \frac{P_{\text{ref}}\left( D_{i} \right) \times \text{e}^{- E(D_{i})}}{Z},$$ where *P*~ref~(*D~i~*) is the prior (background) probability of the sequence *D~i~* (e.g. in the genome), and *Z* is the partition function (the sum of the numerator over all possible binding sequences). The inclusion of *P*~ref~(*D~i~*) is essential, as it is obvious that for a non-specific protein the probabilities of the bound DNA will be equal to the prior probabilities. *E*(*D~i~*) is the binding energy of the protein to the sequence *D~i~* (in *k*~B~*T* units), which is obtained from the matrix of binding energy contributions, summing those values that correspond to the sequence ([@b9]). Note that the absolute values of the energy contributions do not matter to the probability calculations, only the difference in energy between different bases. If we add any constant to all of the energy terms, the probability values will remain unchanged ([Equation 1](#e1){ref-type="disp-formula"}). We have often defined the 'specific binding energy' contributions of base *b* at position *i*, as $- \ln\left( {\left\lbrack {P\left( b,i \right)} \right\rbrack/\left\lbrack {P_{\text{ref}}\left( b \right)} \right\rbrack} \right)$ ([@b9]), but one can also use the convention of Berg and von Hippel ([@b10]) of setting the best binding base to have zero energy as long as the differences with the other bases are maintained. It is important to specify the units of the energy as they will affect the binding probabilities. We offer the user the choice of several typical energy units (*k*~B~*T*, kcal/mol, log-odds scores using log base 2 or e).

The energy matrix for a TF is an intrinsic property of the protein, and does not depend on the probabilities of different sequences that it has the opportunity to bind (it will depend on the binding conditions, such as pH, temperature and ionic strength of the buffer, but we consider those to be fixed quantities that are not the subject of this analysis). In the generated logo the total height of bases at each position is the 'IC' of the position, and the height of each base is the proportion of that base in the total. The IC of DNA position *i* is defined as: $$\text{IC}\left( i \right) = \sum\limits_{b = A}^{T}{P\left( b,i \right) \times \ln\frac{P\left( b,i \right)}{P_{\text{ref}}\left( b \right)}},$$ where *P*(*b*, *i*) is the probability of base *b* at position *i* in the bound set of sites. IC is the average specific binding energy, as defined above, and will be zero if the bound probabilities are the same as the prior probabilities (i.e. a non-specific protein has zero IC). Regardless of how the binding energies are determined, the bound probabilities can be obtained for any set of prior probabilities, and these are provided in the text output (probability_matrix). The IC depends on the prior base probabilities, as one would expect from the relationship between the IC and the expected frequency of sites in a genome ([@b2]); the higher the IC the less likely a site is expected to occur by chance. Hence sites that are GC-rich, for example, would be expected to occur less often in AT-rich genomes (and thus have a higher total IC) than in GC-rich genomes. By setting equiprobable prior probabilities (default setting of 0.25 for each base), the bound frequencies will be those obtained if all sequences are equally available for binding, and under this assumption the 'intrinsic' IC for the protein will be estimated. IC calculated with equiprobable priors is equivalent to the reduction in Shannon entropy ([@b11]) from its maximum value.

IMPLEMENTATION
==============

Algorithm
---------

The enoLOGOS program is written in C++ and includes refactored PostScript functions from the Delila package ([@b12]). The web tools enoLOGOS and C2H2-enoLOGOS are implemented in Perl (CGI) and provide the interface to the C++ program. The algorithm offers all the standard options for plotting logos and extend the alignment-based outputs with probability normalized and energy normalized logos.

Input data types
----------------

The enoLOGOS program accepts various types of input data. The default input data type is energies in which case the user can specify the units as *k*~B~*T* units (default), kcal/mol, J/mol or kJ/mol. The conversion rates we use are: 1 *k*~B~*T* unit (at 298 K) = 0.592 kcal/mol = 2.477 kJ/mol. Energies in *k*~B~*T* units are then used directly on [Equation 1](#e1){ref-type="disp-formula"} to calculate the relative frequencies of the bases in each position. Other types of input data include alignment counts, probabilities (or *K*~A~ values) and aligned sequences. All these data types are transformed into relative frequencies in a straightforward way. In addition, enoLOGOS can generate a logo from practically any type of matrix provided through its plot option 'weights as entered'.

Input data format
-----------------

All numerical data can be entered in a weight matrix form. The weight matrix can be formatted horizontally or vertically, where the orientation refers to the length of the pattern. Our web tool can infer the orientation, provided that letters are used to identify nucleotide rows or columns and position labels (optional) are defined as integers. Examples of the horizontal and vertical format are presented in [Figure 1](#fig1){ref-type="fig"}. Lines that are preceded by '\#' are considered comment lines and are ignored. A single matrix header line starting with 'PO' \[as used in TRANSFAC matrices ([@b13])\] can specify position labels (horizontal matrices) or base types (vertical matrices) of the logo columns. If a matrix header is found, then the first item on each subsequent line will be used as either the base type or the position label of the horizontal or vertical matrix, respectively ([Figure 1](#fig1){ref-type="fig"}). If the input data are aligned sequences (i.e. raw sequences or sequences in the FASTA format), an alignment will be inferred and an alignment matrix will be created. Any character other than white space in an alignment (e.g. '−', '.' or '\*') designates insertion. All white space characters are ignored.

LOGO calculation parameters
---------------------------

Independent of the type of data entered, the resulting logos can be plotted using option relative entropy, frequency or 'weights as entered'. For the relative entropy option (default value), we use [Equation 2](#e2){ref-type="disp-formula"}, while frequency or 'weights as entered' options render logos as one would expect. The user may also choose how they want the individual bases to be scaled within a column. The available options are frequency (the default and most often used method) and relative entropy. If the user chooses to scale the bases in each position by their relative entropies, then the bases with negative relative entropy are plotted upside-down. This is an additional feature that helps users to visually identify those bases that are energetically favoured in each position taking into consideration the background base frequencies in the genome. In the case that the user selects relative entropy in either the calculation of column height or the base scaling, then a choice of the logarithm-base becomes important. The logarithm-base options are as follows: 2, giving information units in bits (default value); and e, giving information in nats and 10. In the case where the input consists of a number of aligned sequences, enoLOGOS can also calculate the mutual information and present it in a graphical way. Mutual information is the relative entropy between a joint distribution (in our case, the two columns under comparison) and the product distribution (of the independent columns). Finally, the user defines the expected (background) probabilities for the four bases in terms of %GC content. The default has been set to equiprobable background and in this case the relative entropy will be equivalent to the reduction in Shannon entropy ([@b11]) from its maximum value. In addition, %GC content values are provided as options for various model organisms, such as *Escherichia coli*, yeast, worm, fruitfly, mouse and human.

Output format parameters
------------------------

In the output format parameters section, the user can select the colours for each base in the logo (in RGB \[0..1\] additive colour scheme), titles for the plot and for the *x*- and *y*-axes, and a weights scale factor that can be used to scale or change the sign of the weights. The default colours are green, blue, orange and red for each of the A, C, G and T bases, respectively. The enoLOGOS tool is accessible via the web at <http://biodev.hgen.pitt.edu/enologos/>.

C2H2-enoLOGOS
-------------

Another variation of this tool, C2H2-enoLOGOS, allows users to generate the LOGO of the predicted DNA-binding preferences for any member of the Cys~2~His~2~ zinc-finger protein family of TFs. This is the largest TF family (Pfam version 16.0; <http://pfam.wustl.edu/>) with more than 5000 members, including 39 *Saccharomyces cerevisiae* and 1438 human TFs. The Cys~2~His~2~ motif is a modular motif (each helix contacts three bases in an antiparallel fashion) and composite sites can be deduced from the targets of the single helices. The co-crystal structure of a Cys~2~His~2~ factor EGR1, a member of this family, and its preferred binding site has revealed that three amino acid residues each contact one base and that these contacts are primarily responsible for the DNA-specificity ([@b14]). This simple pattern of contacts makes the modelling of the DNA-binding preferences of its members possible ([@b6],[@b15]). The C2H2-enoLOGOS tool is using the energy estimates calculated previously for this family ([@b6]) to produce the requested logos. The user can either directly specify the amino acids in each of the three contact positions of each helix (positions −1, +3 and +6) or select a particular protein family member via a simple query form. We have restricted the predictions to proteins with a maximum of four helices, since some studies have shown that when additional helices are presented, some of them are not used to contact the DNA ([@b16]). The query capabilities of the tool support the use of 'AND' or 'OR' logic, hence key words can be joined for more specific searches of the alignment entries. All proteins that meet the specified search criteria are presented in a list and the user is asked for a choice. The Pfam alignment ([@b7]) is used for the identification of the contacting amino acids for the specified protein. Once the contacting amino acids have been specified for each α-helix, a log-probability position-specific weight matrix is generated from the model of this family ([@b6]). Then, a logo plot is produced as described above and the corresponding weight matrices are provided in the output. The C2H2-enoLOGOS web tool is accessible from the enoLOGOS web page.

RESULTS
=======

The resulting sequence logo is displayed in the main page in the PNG format (e.g. see [Figure 2](#fig2){ref-type="fig"}). The intermediate PostScript file and PDF versions are also provided to the user and hyperlinked from the web page. A hyperlink is also provided to a text version of the logo matrix, input matrix and all its numeric transformations (e.g. energies, probabilities/frequencies and log-likelihood). This file also contains the numerical values for the position-specific relative entropies and IC.
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![Examples of input weight matrices (horizontal and vertical).](gki439f1){#fig1}

![Example of C2H2-enoLOGOS and enoLOGOS output. In this example, the *x*-axis of the C2H2-enoLOGOS output (top) represents the 'contacting' amino acid positions of fingers 3, 2 and 1, respectively. The output of web tool enoLOGOS (bottom) contains a grey-scale-coded matrix plot of the mutual information of each pair of positions of the alignment.](gki439f2){#fig2}
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